An experimental study of the Hall effect in nonmetallic Y-Ba-Cu-O thin films is reported. Both epitaxial crystalline YBa 2 Cu 3 O 6ϩx (xр0.5) and multiphase/amorphous Y-Ba-Cu-O thin films were studied. The structure of the samples was measured by x-ray diffraction and Raman microprobe. The amorphous Y-Ba-Cu-O samples were found to have a grain size of about 100 Å. The conduction properties were studied and analyzed for the two types of samples over a wide temperature range including room temperature. The Hall effect measurements showed positive charge carriers with a concentration ranging from 10 17 to 10 20 cm Ϫ3 at room temperature. The mobility was found to decrease with higher Hall carrier concentration. The empirical relationship for the mobility dependence on impurity concentration agreed with the relationship between mobility and the experimental Hall carrier concentration, suggesting that the same localized states were responsible for both providing the carriers and reducing the mobility through scattering. It was also observed that the mobility values for both amorphous and crystalline samples followed the same empirical curve, a result which showed that the conduction mechanisms in the epitaxial ͑tetragonal͒ and amorphous Y-Ba-Cu-O materials are very likely to be similar despite the differences in the composition and structure of the films. The similarity is consistent with other work that concludes that the conduction mechanism occurs along the copper oxide planes. Our work implies that the conduction mechanism operates over a short range, less than the 100 Å grain size of the amorphous, such that the lack of order in the amorphous samples was essentially irrelevant to the charge transport.
I. INTRODUCTION
By appropriately increasing the oxygen content, the phase of YBa 2 Cu 3 O 6ϩx evolves from that of a Mott-Hubbard insulator (xр0.3) to a Fermi glass (0.3рxр0.5) and through a semiconductor-metal transition to metallic behavior (xу0.5).
1 The metallic phase of YBa 2 Cu 3 O 6ϩx is superconductive with the maximum critical temperature of 92 K for xХ0. 9 . During the past decade, most of the studies, as well as proposed applications, have focused almost exclusively on superconductivity in the Y-Ba-Cu-O system.
Recently, the potential application of semiconducting Y-Ba-Cu-O thin films as an uncooled bolometer was proposed. 2, 3 Uncooled infrared detectors, as opposed to, e.g., superconducting Y-Ba-Cu-O bolometers operating using the superconducting-normal state transition, [4] [5] [6] do not require refrigeration, and therefore are less costly and easier to implement in commercial applications. Amorphous/mixed phase, semiconducting Y-Ba-Cu-O thin films display a high temperature coefficient of resistance and therefore possess the potential for high responsivity and detectivity values when fabricated into a thermal isolation structure. These films can be deposited by radio frequency ͑rf͒ sputtering at ambient temperature, therefore assuring the low cost of detector fabrication and compatibility with complementary metal-oxidesemiconductor ͑CMOS͒ technology for focal plane signal processing.
Our investigation of the Hall effect in the multiphase, amorphous semiconducting Y-Ba-Cu-O and tetragonal YBa 2 Cu 3 O 6ϩx thin films is motivated by the observation that the crystalline films possess a lower temperature coefficient of resistance and by an effort to better understand the underlying conduction mechanism in nonsuperconducting Y-Ba-Cu-O. A clear understanding of the transport behavior of semiconducting Y-Ba-Cu-O is important to the understanding of photoconductivity 1, 7 and of the bolometric properties of the material. Furthermore, the transport behavior of the oxygen-deficient semiconducting Fermi-glass state has implications to the transport behavior in metallic oxygen-rich Y-Ba-Cu-O.
The Hall effect has primarily been studied in metallic, superconducting YBa 2 Cu 3 O 6ϩx . These investigations have employed bulk single crystal samples, [8] [9] [10] [11] bulk ceramic ͑polycrystalline͒ samples, [12] [13] [14] [15] [16] [17] [18] and epitaxial thin film samples. [19] [20] [21] [22] [23] [24] [25] [26] Investigations at the normal-superconducting transition have revealed an apparent sign reversal in the Hall coefficient, slightly above T c , near the zero resistance transition. 10, 17, 18 For the normal state conduction of the metallic YBa 2 Cu 3 O 6ϩx samples, an ''anomalous,'' yet universal T 2 dependence of the inverse of Hall angle is observed in all the experiments that represents behavior unlike any other known metal. Theoretical investigations [27] [28] [29] [30] have been mo-tivated by the anomalous behavior and the impact of the normal state conduction mechanism on the origins of high-T c superconductivity in the cuprates. Much attention has been devoted to the theoretical framework to explain the T 2 dependence based on the Anderson resonance valence bond ͑RVB͒ model of high-T c superconductivity which assigns the excitations for spin and charge to separate entities, namely chargeless spinons and spinless holons, respectively. 29, 31 To a lesser extent, the Hall effect has been investigated in semiconducting Y-Ba-Cu-O samples. In sharp contrast to metallic Y-Ba-Cu-O, the Hall mobility has been observed to increase with temperature in semiconducting Y-Ba-Cu-O. 24 This article reports on our investigation of the dependence of the Hall mobility upon the Hall carrier concentration in semiconducting Y-Ba-Cu-O. The Hall effect data are analyzed at room temperature for epitaxial, tetragonal YBa 2 Cu 3 O 6ϩx and amorphous multiphase Y-Ba-Cu-O thin films. Comparison between the Hall effect implications and the dc resistivity data is also reported.
Following Yu and Heeger, 1 YBa 2 Cu 3 O 6ϩx is a MottHubbard insulator for xϽ0.3 with a well defined charge transfer gap on the order of 1.5 eV present between the O͑2 p) band and the Cu͑3d) band. The crystal structure is tetragonal with all the O͑1͒ sites vacant. The unit cell consists of three Cu-O planes in the a-b plane sandwiched between two planes containing Ba-O and one plane containing Y atoms along the c direction. Each layer consists of corner sharing CuO n polyhedra held together by the Y plane. The polyhedra comprise strong Cu-O bonds whereas the Cu-O bonds bridging the Y plane are weak. As x is increased, O is randomly introduced to the O͑1͒ sites, creating carriers and simultaneously results in disorder, and leading to the formation of localized states in the Cu-O planes. The disorder from the partial oxygenation causes the localization of hole states above the mobility band edge, E c , and extended hole states for energies below E c . Thus for the oxygen stoichiometry range of x varying from approximately 0.3 to 0.5, YBa 2 Cu 3 O 6ϩx displays the electronic characteristic of a Fermi glass. The Fermi energy lies above the mobility band edge by the activation energy E A ϭE F ϪE c Ϸ0.18-0.22 eV. The activation energy decreases with increasing oxygen content until the Fermi energy crosses the mobility band edge E c for x around 0.5-0.6 in an Anderson metal-insulator transition. Simultaneously, the crystal undergoes a transition to an orthorhombic structure. When the Fermi energy is below the mobility band edge, metallic conductivity is observed with a superconducting transition upon cooling below its critical temperature. The Fermi energy is approximately 0.2 eV below the mobility band edge when the material is fully oxygenated.
The charge transport in the oxygen deficient phase of Y-Ba-Cu-O is thermally activated at sufficiently high temperatures. In this case, the conductivity is dominated by carrier transport in the extended states of the O͑2p) band. The carriers are thermally excited from their localized states around the Fermi energy, above the mobility band edge, into the extended states. The resistivity is of the form:
where 0 is the resistivity at the mobility band edge, k is Boltzmann's constant and T is the absolute temperature. At lower temperatures, the carriers lack sufficient thermal energy to be excited into the extended states and conduction occurs by variable range hopping. In this case, carriers are randomly excited into the extended states for short periods of time to move from localized state to localized state. Therefore, the temperature dependence of the resistivity is determined by the density of states around the Fermi energy
n where nϾ0. It can be shown that the resistivity varies with temperature according to the relation
where pϭ(nϩ1)/(nϩ4), 0 is a fitting parameter and T 0 is a parameter related to the localization length and the density of states. 32 For a constant three dimensional density of states Eq. ͑2͒ reduces to Mott's variable range hopping model 33 with a exp͑T Ϫ1/4 ) temperature dependence for the resistivity.
II. EXPERIMENTAL DETAILS
The samples employed in the investigation are listed in Table I . Two types of samples were investigated. The amorphous semiconducting Y-Ba-Cu-O thin films ͑samples a -e) were fabricated at Southern Methodist University 2,3 by rf magnetron sputtering from a 7.5 cm, superconducting, orthorhombic YBa 2 Cu 3 O 6ϩx sputter target onto 10 cm diameter Si ͗100͘ wafers at room temperature. The sputtering was performed using a CVC601 sputtering system at 10 mTorr in an Ar atmosphere. The substrate to target distance was approximately 12 cm. The Si wafers were prepared with different buffer layers as shown in Table I . The SiO 2 layers were thermally wet grown at 1200°C. The MgO layers were prepared by rf magnetron sputtering from a 20 cm MgO target in an 90% Ar:10% O 2 atmosphere with the substrate at ambient temperature. The use of a SiO 2 layer is relevant to the Si micromachining of thermal isolation structures for the application to uncooled infrared bolometers. The eptitaxial single crystal tetragonal YBa 2 Cu 3 O 6ϩx thin films ͑samples f and g) were fabricated at the University of Rochester by rf sputtering onto LaAlO 3 substrates at 750°C to produce a superconducting YBa 2 Cu 3 O 6ϩx thin film. Later the films were de-oxygenated by annealing in 10 mTorr of Ar at 450 and 680°C, respectively. 34 A JEOL 733 Superprobe was used to perform quantitative compositional analysis on our samples employing wavelength dispersive spectrometry ͑WDS͒ with thin film correction. 35 The crystal structure of the films was investigated by x-ray diffraction ͑XRD͒ and micro-Raman spectroscopy. The Raman effect was used to determine the order in the samples and verify the crystal structure. [36] [37] [38] A Renishaw Raman imaging microscope was used with either a HeNe or argon laser in a backscattering configuration with a 1 cm -1 spectral and 1 m spatial resolution. 36 Measurements were performed at room temperature with the laser power kept below 1 mW so as to prevent excessive heating of the thin films. The results of the analysis for samples a -g are shown in Table I . In the case of crystalline samples f and g, the oxygen content given was computed independently from x-ray diffraction data, 39 as discussed in Section III. This latter method provided more realistic results for the oxygen content in these samples and showed that, in general, the oxygen content was overestimated by electron probe microanalysis ͑EPMA͒ by about 5%-6%.
Gold leads were attached directly to the film surface by ultrasonic bonding for the electrical measurements. The typical sample geometry was 10ϫ7 mm 2 for samples a -f and 10ϫ4 mm 2 for sample g. A standard four-probe method with a 3 mm spacing was used to measure the resistance of the samples. Samples were mounted in ceramic or Covar packages with colloidal silver paste providing a good thermal contact between the package and the substrate. The package was then attached to the cold finger of a Leybold ROK10-300 cryostat. The temperature control was provided by a LakeShore DRC-91C controller using a calibrated diode sensor. Typical temperature stability was within 8 mK. Electrical measurements were performed over the temperature range of ϳ250 to 320 K for samples a -d, 220-310 K for sample e, 208-320 K for sample g, and 80-320 K for sample f . Since the last was a low-resistivity sample, it could be conveniently biased at low temperatures, whereas it was not possible to bias other samples below 250 K due to their very high resistivities. The Hall effect measurements were performed at room temperature. Magnetic fields up to 1 T were applied to the samples with a Varian 3700 electromagnet while they were current biased in the range of 0.1-100 A. The geometry for the Hall effect measurements is displayed in Fig. 1 . The longitudinal resistivity was measured at points 2 and 3 in the direction of the flow of the current, magnetic field B was applied in the ''z'' direction and the Hall voltage was sensed in the transverse or ''y'' direction. Due to a slight misalignment between probes 5 and 6, there was a non-zero voltage between them when the sample was dc biased in the absence of the B field. To cancel this offset voltage, a potentiometer was attached between points 6 and 7 and adjusted so that V H2-H1 , sensed between the wiper of the potentiometer and point 5, was zero before applying the B field. The corrected value of V H2-H1 thus gave us the ''true'' Hall voltage when the B field was applied. The sign of V H2-H1 was observed to be positive implying that the carriers were hole-like. The linearity of the Hall signal was verified by sweeping the magnetic field in z direction up to 1 T ͑see Fig. 1͒ . The Hall signal was found to be linear in this range for all the samples. To compute the Hall coefficient and, thus, the carrier concentration from the Hall voltage, the latter was averaged for both directions of magnetic field sweep at each applied bias. Figure 2͑a͒ shows a typical XRD pattern from the amorphous Y-Ba-Cu-O films ͑samples a -e) deposited at ambient temperature. Due to the lack of long range crystalline order in these samples, there were no sharp peaks originating from the thin film and the sharp peaks observed were derived from the Si substrate. The dominant response from the Y-Ba-Cu-O thin film was a very broad peak at 2ϳ29°due to an amorphous film layer with its width ͓full width at half-maximum ͑FWHM͔͒ close to 8°. Scherrer's formula 40 was used to estimate the particle ͑grain͒ size in the amorphous Y-Ba-Cu-O films to be approximately 100 Å. The 2 ϳ 29°peak is not a YBa 2 Cu 3 O 6ϩx ͑123͒ peak but might be due to the Y 2 BaCuO 5 ͑2115͒ phase, 41 suggesting the presence of multiple phases in these samples. It has been observed that XRD peaks tend to broaden for materials similar to Y-Ba-Cu-O deposited at lower temperatures due to small grain size. 42 Although increasing the substrate temperature during deposition improves crystallinity ͑larger grain size͒ of the material, giving sharper XRD peaks, high temperature processing was avoided in samples a -e since our general intention was to fabricate Y-Ba-Cu-O material suitable for uncooled infrared ͑IR͒ detectors and compatible with existing CMOS technology. In fact, crystallinity of Y-Ba-Cu-O is not desired in this application since amorphous films provide higher bolometer figures of merit, i.e., high temperature coefficient of resistance and low 1/f noise. 2, 3 Figures 2͑b͒ and 2͑c͒ show the XRD patterns for the semiconducting oxygen-deficient crystalline YBa 2 Cu 3 O 6ϩx samples f and g, respectively. It can be seen that these films are well oriented the along c axis and possess a tetragonal structure. 43 The average value of the c axis lattice constant was calculated from the angular positions of the various peaks to be approximately 11.85 A°for sample f and 11.89 A°for sample g. Based on these values, we estimated the oxygen content to be about 6.5 (xϭ0.5) for sample f and 6.3 (xϭ0.25) for sample g. 44 Raman scattering was also used to characterize our samples and to distinguish between the crystalline and the amorphous forms of Y-Ba-Cu-O. Figure 3͑a͒ shows the Raman spectra for samples f and g. The ϳ334 ϳ435, and ϳ500 cm -1 bands due to different phonon modes 37, 38 can be identified. The 500 cm -1 band is due to the Cu-O bond stretch along c axis, whereas the 435 and 334 cm -1 bands are due to stretching and bending vibrations in the Cu-O planes. Thomsen et al. 38 have shown that the 500 cm -1 mode softens and 435 and 334 cm -1 modes harden as oxygen is removed from the system. Hence, a reasonable estimate of oxygen content can be made from analyzing these modes in the Raman spec- For the amorphous Y-Ba-Cu-O thin films, the Raman spectrum ͑Fig. 3͑b͒͒ consisted of an extremely broad peak around 560 cm -1 . This was a very regular feature for all our a -e semiconducting amorphous samples. Table I summarizes the dc resistivity and Hall effect data. All samples (a -g) exhibited semiconducting resistive behavior, i.e., increasing resistance with decreasing temperature with thermally activated transport close to room temperature. Figure 4 shows the resistivity versus temperature behavior of sample f , an epitaxial YBa 2 Cu 3 O 6ϩx sample. In Fig. 4͑a͒ , an Arrhenius plot of the resistivity is shown. Below approximately 300 K, the data deviate from a linear relationship, indicating a departure from thermally activated conductivity. The activation energy was measured from the slope of the Arrhenius plot above 300 K. In Fig. 4͑b͒ , the log of the resistivity data is plotted versus T 1/4 . Below approximately 300 K, a linear relationship is observed in the graph indicating that the resistivity of the sample is in agreement with the variable range hopping model. Similar behavior was observed in sample e, although the transition temperature from thermally activated conductivity to hopping conductivity was observed to decrease to 160 K for the sample with the higher oxygen concentration. In the amorphous samples, the resistivity measurements were performed only down to about 250 K. The amorphous samples were observed to remain in the thermally activated region over the entire temperature range despite larger activation energies. It is believed that the lack of long range order in these samples weakened the strength of the localization by considerably broadening the mobility band edge energy E c . Additional details on the conductivity behavior of the samples can be found in Ref. 45 [19] [20] [21] [22] [23] [24] [25] [26] In addition, a small negative magnetoresistance was observed in all the samples at room temperature which is consistent with a nonhopping type of conductivity.
III. RESULTS AND DISCUSSION

A. Materials characterization
composition and conduction properties of the samples at Tϭ295 K (Tϭ290 K for sample e) and activation energies E a found from the relation Rϳexp(E a /kT) for selected temperature ranges. All samples are semiconducting. Sample Composition Y:Ba:Cu:
B. Hall effect and resistivity data
It is interesting that similar transport features were present in both the amorphous and crystalline Y-Ba-Cu-O samples, despite their difference in structure and composition. A positive Hall coefficient was observed in both types of samples implying that the dominant carriers were holes in both cases. As shown in Table I , the resistivity decreased with an increase in the Hall carrier concentration, a trend that was observed in both amorphous and crystalline samples.
To obtain more information about the carrier scattering mechanism, the Hall mobility ( H ϭR H /) was calculated. The empirical relationship for carrier mobility 46 was used to fit the experimental data for Hall mobility versus Hall carrier concentration at room temperature for both the amorphous and crystalline Y-Ba-Cu-O samples:
where min ϭ0.135 cm Eq. ͑3͒ for silicon taking into account lattice and ionized impurity scattering mobilities and electron-electron ͑hole-hole͒ scattering mobilities. A temperature dependence was also predicted by considering the temperature dependence of the individual scattering mobilities. Equation ͑3͒ has also found modified application to other semiconductors such as GaAs. 47 Figure 5͑a͒ shows the Hall mobility plotted against the Hall carrier concentration using both the actual data and the fit obtained from Eq. ͑3͒. Figure 5͑b͒ displays the experimentally measured resistivity versus Hall carrier concentration. Since and H are directly related through ϭ(q H p H )
Ϫ1
, both plots provide essentially the same information and can be viewed as alternative methods of presenting the data. However, they clearly show that the set of fitting parameters predicts the or, equivalently, the H dependence on p H with very good accuracy. It is clear from The empirical-fit relation suggests that the impurities in a semiconductor act as scattering centers. If the impurity concentration is sufficiently low, the impurities do not limit the mobility of the carriers and the mobility is determined by lattice ͑phonon͒ scattering. As the impurity concentration is increased, the carriers are increasingly scattered by the impurities. The result is a reduction in the mobility of the carriers as the mobility becomes dominated by impurity scattering.
In our case, the striking result is that the mobility of the amorphous Y-Ba-Cu-O and tetragonal Y-Ba-Cu-O samples follow the same empirical-fit relation. In fact, the two tetragonal Y-Ba-Cu-O samples have the highest and lowest carrier concentrations of the samples investigated and represent the upper and lower bounds for our amorphous films. The similarity in the conductivity behavior occurs despite the fact the two groups of samples possess different stoichiometries and different long range crystalline order. This result implies that the mechanism of conductivity in the amorphous samples is similar to that in the tetragonal samples. The following explanation is proposed. The carriers in the amorphous samples must be predominantly moving along CuO 2 planes, as in the case of the tetragonal samples. The similarity of the activation energies suggests that oxygen serves as the acceptor impurity, donating hole carriers to move along the CuO 2 planes, in both cases, and the lack of long range order in the amorphous samples does not appear to be affecting the conduction mechanism. Therefore the conduction mechanism must be very short range, likely much less than the 100 Å particle size contained in the films. The low value of the Hall mobility supports our argument for short range conduction.
As in the case of Si, the Hall mobility of the Y-Ba-Cu-O samples decreases with increasing Hall carrier concentration ͓see Fig. 5͑a͔͒ . This suggests that the number of scattering centers also increases with the Hall carrier concentration. Therefore, oxygen not only contributes hole carriers to the system 1,48 it, at the same time, serves as the dominant source of scattering centers. This explanation seems to hold true for the crystalline samples f and g, which lie at the two extremes on the mobility curve. For the amorphous samples a -e, represented by the intermediate values on the mobility curve, the situation is less straightforward. First, the compound species present in these samples are difficult to identify. Second, the presence of multiple phases complicates the analysis and, finally, the samples are likely to be polycrystalline on a very fine scale ͑100 Å͒. However, since the sputtering target had the robust stoichiometry of 123, and we saw some evidence of the 2115 phase from XRD, we can assume that our amorphous samples contain primarily 123 ͑with oxygen stoichiometry sufficiently low to give semiconducting behavior͒ and 2115 phases. The common feature of both the amorphous and crystalline samples is the presence of CuO 2 planes in their structure. It is well known that planes play a dominant role in conduction mechanism 1 in 123 Y-Ba-Cu-O. Even when the long range crystalline order is absent, these planes are present on the microscale and allow conduction to take place in a manner similar to a wellordered material. Hole carriers are formed in these layers when electrons are transferred to the Cu-O charge reservoir chains because of Cu 3ϩ average charge at Cu chain sites. As the number of carriers increases, the mobility decreases and simultaneously the resistivity of the sample decreases. The concentration of carriers should therefore give an approximate picture of the phase of the system, i.e., whether it is metallic or semiconducting. Increasing the oxygen content causes the addition of more holes in the system and thereby changes the phase from semiconducting to metallic.
As the oxygen concentration is increased to form metallic Y-Ba-Cu-O, the Fermi energy crosses the mobility band edge and the variation in the Hall mobility with oxygen or carrier concentration is no longer predicted by the empirical mobility formula. Raven Y-Ba-Cu-O is higher than the low value observed at high carrier concentrations in semiconducting Y-Ba-Cu-O, suggesting that the Hall mobility must increase as the Y-Ba-Cu-O undergoes a phase transition from a semiconducting to a metallic state. This result is not surprising since the microstructure undergoes a transition from tetragonal to orthorhombic. Simultaneously, the Fermi energy crosses the mobility edge 1 at the phase transition causing the carriers to sample a different portion of the conduction band.
IV. CONCLUSION
We investigated the carrier and transport properties of semiconducting crystalline and amorphous Y-Ba-Cu-O thin films. Material analysis showed that samples appearing amorphous on a broad scale were actually multiphase and polycrystalline on a very fine scale, while the epitaxial crystalline samples were tetragonal with oxygen contents of 6.5 and 6.3, respectively. At room temperature, all our samples exhibited thermally activated conduction behavior. At reduced temperatures, the crystalline samples underwent a transition to variable range hopping at temperatures of approximately 300 and 160 K for samples f and g, respectively. No transition to hopping conduction was observed for the amorphous samples, although these samples were only cooled to 250 K. We interpret the difference in the behavior of the amorphous sample over this temperature range to be a consequence of the lack of long range order, weakening the strength of the localization and being associated with the considerable broadening of the mobility band edge energy E c . The Hall voltage increased linearly with increasing magnetic field. The dependence of the Hall mobility and resistivity of the samples on Hall carrier concentration was very accurately in accord with the mobility empirical-fit formula. This fit indicates that oxygen in Y-Ba-Cu-O is not simply the acceptor impurity providing carriers for conduction, but also the dominant source of impurity scattering. The Hall mobility and dc resistivity for both amorphous and crystalline samples followed the same relationship in terms of Hall mobility dependence on Hall carrier concentration, demonstrating that the conduction mechanism in semiconducting Y-Ba-Cu-O is dominated by CuO 2 planes and is very short ranged ͑less than 100 Å͒, since the lack of long range order in the amorphous samples did not lead to a different mobility behavior when compared to the epitaxial crystalline thin films.
